The energy loss due to the excitation of parasitic modes in the SPEAR II rf cavities and vacuum chamber components has been measured by observing the shift in synchronous phase angle as a function of circulating beam-current and accelerating cavity voltage. The resulting parasitic mode loss resistance is 5 MQ at a bunch length of 6.5 cm. The loss resistance varies with bunch length cz approximately as exp(--0.3 az). If the measured result is compared with reasonable theoretical predictions, we infer that the major portion of the parasitic loss takes place in ring vacuum components rather than in the rf cavities.
Introduction
Excitation of parasitic modes in rf cavities and vacuum chamber components by a tightly-bunched beam can be a source of significant energy loss in high-energy storage rings. Several calculations which estimate the magnitude of this loss have been made. Sands,1 using an expression based on an optical resonator model of a periodic structure, has estimated a parasitic energy loss of 0.08 MeV per Tr-mode cell at a circulating current of 100 mA and a bunch length (uz) of 5 cm, using the parameters proposed for the PEP rf structure. 2 Other calculations have been made recently in which the rf structure is approximated either by a series of closed "pill-box" cavities3 or by a periodic sequence of disks and cylinders."3' The result for a disk-and-cylinder model of the PEP structure is an energy loss of about 0.012 MeV per i-mode cell, again for a current of 100 mA and a bunch length of 5 cm. For a structure 90 cells in length, this estimate and the estimate by Sands give energy losses of 1 MeV and 7.5 MeV respectively. In addition, fields can be excited by the beam in the various vacuum chamber boxes and components around the ring. The parasitic loss to modes in these "incidental" vacuum chamber resonators can well equal or exceed that to higher-order modes in the rf structure itself.
The large spread between the computed values given above for the higher-mode loss to the rf structure, together with the even greater uncertainty in the loss to be expected for the incidental vacuum chamber components, makes it imperative to seek out means for measuring these losses experimentally. Sands and Reess have proposed a method for measuring the loss to a cavity or vacuum chamber box in which a short pulse of current is sent along a thin wire stretched on the axis of the component under test. Initial results6 are promising, and the method might eventually be refined to the point where each vacuum chamber component can be checked to see whether the level of higher-mode loss is acceptable.
We also realized that SPEAR II uses an rf structure similar to that proposed for PEP. In particular, the rf frequency is the same; hence the bunch length and the excitation of parasitic modes in the incidental vacuum chamber components are expected to be similar.
Three it possible to separate the portion of the loss in the rf cavities from the total loss. For the present we have instead pursued two measurement techniques, which rely mainly on the existing SPEAR control room instrumentation supplemented by a few additional simple devices, for obtaining the total parasitic loss to all ring components. In the first approach, the parasitic loss is obtained from a measurement of the net rf power input into the accelerating cavi'ties; in the second, it is obtained by measuring the shift in synchronous phase angle as a function of beam current and peak cavity voltage.
Measurement by Net Cavity Power Input
In this measurement, a single cavity is used to store a beam at 1.5 GeV at a fixed peak voltage so that cavity wall losses remain constant. The power input to the cavity is then measured as a function of stored beam current i. The higher-mode energy loss per turn is computed from the following expression:
Here, P(i) is the net (incident minus reflected) power input into the cavity at current i, P(O) is the net power input at zero current, eV. is the energy loss per turn due to synchrotron radiation, and Vfm is the loss due to the excitation of the fundamental mode in the idling cavities. In turn, Vfm is obtained by measuring the output from a coupling probe in each idling cavity. The calibration factor for each coupling probe is obtained by measuring either the synchrotron frequency or the quantum lifetime at a relatively high energy (2.5 GeV) and a low beam current, so that the synchrotron radiation loss is dominant over current-dependent losses. The chief difficulty in this method of measurement is the necessity for converting the signal induced by the beam on the pickup electrode into a semblance of a sine wave that will be acceptable to the Vector Voltmeter. This processing is accomplished by a transmission cavity having a Q sufficiently high so that the filling time is comparable to the time between the passage of successive bunches. Alternatively, since the frequency spectrum of the signal from such a pickup electrode is composed of a series of harmonics of the revolution frequency, the cavity can be considered as a filter which rejects all components except the harmonic at the rf frequency. A transmission cavity with a suitable Q was constructed from a half-wavelength section of standard 3-1/8" copper coaxial transmission line. The loaded Q of the cavity was measured to be 1500 with the two coupling loops adjusted to have coupling coeffients close to unity. Although the loaded Q could have been made higher (the unloaded Q of the cavity was 4400), the phase shift across the cavity would have been more sensitive to temperature changes. In the present design, a 0.40C temperature change results in a phase shift of 10.
The accuracy of the apparatus was checked by measuring the phase shift as a function of peak cavity voltage at low current and 2.5 GeV, such that Vs >> iR.
The measured and calculated values of phase shift were in good agreement.
Data on the shift in synchronous phase as a function of beam current at constant cavity voltage are given in Fig. 2 . Since the instrument does not measure absolute values of phase but only relative changes in phase, the phase scale on the vertical axis has been determined by fitting the data in ways which will be described later. As will be seen, this calibration might be off by a degree or two. A further caveat is that these curves are not to be trusted in fine detail (±½10) and, especially, they are likely to be misleading below currents of several milliamperes where the Vector Voltmeter produces a phase shift error which increases rapidly as the amplitude of the excitation on the channel (Channel B) coming from the beam pickup is decreased. The curves shown in Fig. 2 are the average between two runs in which this systematic shift in phase as a function of beam current is in opposite directions. If the higher-mode resistance Rhm were a constant, a phase shift plot such as that in Fig. 2 would consist of more or less straight lines having intercepts on the vertical axis given by ¢(0) = cos-1 (Vs/9). The fact that the curves are nowhere near linear is a reflection of the fact that rapid changes in bunch length take place as a function of current and voltage pret these phase plots we must know the d bunch length on i and t. The experimental dependence is shown in Fig. 3 . Note the f tures of these curves, which will be used ting the phase shift data. At 400 kV the is nearly constant as a function of curren 10 mA. At about 20 mA the bunch length is same for all cavity voltages from 400 to 1 25 mA and above az(1000 kV) tends to be gr aZ(400 kV), while at 20 mA az decreases mo with increasing 9. Finally, the knee in e where slope is varying mosX rapidly, shift sively higher currents as \ is increased. the locations of these knees are indicated see that these also mark approximately the knees in the phase shift plots. GeV. An additional feature of interest in the phase plots of Fig. 2 are the abrupt jumps in phase, indicating discontinuous changes in bunch length, at about 5 mA on both the 1000 kV and 1200 kV curves. Discontinuous changes in both bunch length and beam width were indeed observed directly by measurements made just above and just below the currents indicated by the phase jumps. The beam is also vertically unstable at currents just above the phase jumps. In addition, there is an abrupt increase in the strength of the beam excitation at the synchrotron frequency as the current increases through the phase jump. A possible interpretation of these phase jumps is that they mark regions of negative resistance on the ¢(i) curves, such that an increase in current would produce a decrease in loss if it were not for the jumps. A stable bunch length is not possible in a region where do/di is positive.
We can extract a parasitic mode resistance from the data given in Fig. 2 1 cm per 50 mA will produce a 10% error in R. This is locaytios ef the order of the slope of the 400-kV curve as drawn in locations of Fig. 3 , and is below the resolution of the actual bunch length data. The sign of the error is such that the true value of R will be larger than the value calculated from Eq. (2) under the assumption that dR/di = 0.
The change in synchronous phase was also measured as a function of cavity voltage at constant current. This data is analyzed by assuming an absolute value of phase at some particular voltage, say 1200 kV, and then using the measured phase shifts to obtain the phases at other voltages. The loss resistance R is then computed from Eq. (X. The characteristics discussed previously of the az(V/,i) curves are used to determine the best value of 4(1200 kV). When we have chosen the correct absolute phase, we should find, for examplp, that at 20 mA R is nearly constant independent of V, since the bunch length is also nearly constant. Results are given in Table I The data in Fig. 2 can also be converted into resistances using Eq. (1). The result is shown in Fig. 4 for three values of 4 where is the phase as shown in Fig. 2 Table  II .
We are now in a position to make an estimate of the variation of parasitic loss with bunch length.
Higher-mode loss resistances Rhm = R -1.5 MQ are obtained for the various cavity voltages in Fig. 4b at a current of 10 mA. In Fig. 5 Rhm scales as L2/b and Rhm(PEP) = (2592/280)2(1/3) x 5 MQ = 140 Mo. No great care was taken in the design of the SPEAR vacuum chamber components to minimize higher-mode loss, and it therefore seems reasonable that by careful attention to the design of the PEP components the average loss per unit length can be reduced by a factor of two to reduce the total parasitic loss resistance to the acceptable value of 75 MO. In any event, the present measurements indicate that parasitic mode loss must be an important consideration in the design of the vacuum chamber components for the next generation of electronpositron storage rings.
